S
urface topography is a topic of significant interest. 1 The quantitative 3D characterization of topography has always been important to gain insight and understanding into material systems. 1 Numerical characterization of 3D topography of engineering, biological, and natural surfaces is a subject of intense research. It is important to use 3D analysis; ie, information about not only height but also spatial or hybrid data.
2 Quantifying surface roughness includes 2 attributes: roughness heights and lateral dimensions. 3 Lateral dimensions describe how frequently the surface height changes. 3 Fractal dimension (D f ) describes the extent to which the object fills space and characterizes its self-similarity. 4 Fractal dimension is a quantification of surface roughness; the rougher the surface, the larger the magnitude of fractal dimension. 5 Fractal dimension has been demonstrated to be able to represent the lateral dimension, 3 and fractal analysis is an ideal tool to evaluate surface irregularity. 3 Fractal analyses offer objective, repeatable, quantitative characterization of surfaces. 6 Recently, fractal methods have also been applied to describe the complexity of surface topography. 1 The retina vessels; 7 the lung; 8 and the arteries of the kidney, 9 heart, 10 and liver 11 can be considered as fractal objects. Fractal geometry has been used for neuronal arborization 12 and heart rate estimation, 13, 14 in electroencephalograms, 15, 16 in the evaluation of bone healing, 17, 18 and in the study of breast lesions, 19 bone, 20 and several carcinomas. [21] [22] [23] [24] [25] [26] [27] In general, fractals are objects having identical geometric properties even after magnification and change of scale. 28, 29 A fractal structure is defined as a pattern that has self-similarity. 30 D f is an index of the space-filling properties of an object. 31 The most widely used method of estimation of D f is the box-counting algorithm used by several computer softwares, 32 such as Fractalyse, Whinrhizo, Image Pro Plus, FDSURFFT, and FracLac; among them, only FracLac could evaluate D f at best for all the models. 33 The aim of this study was to assess the D f of disks with 3 different surface topographies to evaluate whether D f could have a role in measuring the roughness of implant surfaces.
MATERIALS AND METHODS
Thirty disk-shaped samples (10 ϫ 2 mm) with 3 different surface topographies (Dental Tech, Misinto, Italy) were analyzed by scanning electron microscopy: group A, machined surface; group B, titanium plasma-spray (TPS) surface; group C, acid-etched and sandblasted (Blasted Wrinkled Surface [BWS]) surface. The acid etching was performed using a mixture of fluoridric and nitric acid, while the sandblasting procedure was performed using 60 to 120 m Al 2 O 3 particles. Samples belonging to the 3 different groups were mounted on aluminium stubs for surface characterization by SEM (VEGA LSH TESCAN; Tescan Sro, Brno, Czech Republic). The roughness measurements were performed using the Alicona Mex 5.0 H1 imaging software (Alicona Imaging GmbH, Grambach, Graz, Austria). Only the Sa and developed surface area ratio (Sdr) values will be reported.
SEM images at 1.000, 20.000, and 50.000 magnifications drawn from samples belonging to groups A, B, and C were collected, binarized (image binarization converts an image of up to 256 gray levels to a black and white image), and skeletonized (image skeletonization outlines the skeleton of the structures constituting an object and provides shape features), using ImageJ 1.40 g (Wayne Rasband, National Institute of Health, Bethesda, MD) (Figs. 1-3 ). D f was calculated using the box-counting method by FracLac 2.5 release 1d, a plugin of ImageJ (A. Karperien, Charles Sturt University, Australia).
Statistical Analysis
Comparison was carried out using the nonparametric Kruskal-Wallis test for independent samples; Dunn's multiple comparisons test was used to detect differences between the 3 groups. Results were presented as mean Ϯ SD, and differences at P Յ 0.05 were considered statistically significant.
RESULTS
The Sa of the machined surfaces was 0.6 m, while the Sdr was 14%; the Sa and Sdr values for the TPS surfaces were 5.3 m and 97%, respectively, and for the BWS, 1.5 m and 63%.
D f values were correlated to the image magnification. At 1.000ϫ, D f Steps of image preparation for fractal analysis. Scanning electron microscopy micrograph at 1.000ϫ magnification, binarization and skeletonization of (A) machined surface (group A samples), (B) TPS (group B samples), and (C) BWS (group C samples).
Fig. 2.
Steps of image preparation for fractal analysis. Scanning electron microscopy micrograph at 20.000ϫ magnification, binarization, and skeletonization of (A) machined surface (group A samples), (B) TPS (group B samples), and (C) BWS (group C samples).
Fig. 3.
Steps of image preparation for fractal analysis. Scanning electron microscopy micrograph at 50.000ϫ magnification, binarization, and skeletonization of (A) machined surface (group A samples), (B) TPS (group B samples), and (C) BWS (group C samples).
for group A, B, and C was 1.86, 1.80, and 1.81, respectively; at 20.000ϫ, D f for group A, B, and C was 1.85, 1.71, and 1.58, respectively; and at 50.000ϫ, D f was lower for all the examined groups and more specifically 1.83, 1.61, and 1.51 for A, B, and C groups (Figs. 4-6) .
Statistically significant differences were found for D f values at 1.000ϫ between TPS and machined surfaces and between BWS and machined surfaces (P Ͻ 0.05). At 20.000ϫ, the only statistically significant difference was found between BWS and machined surfaces (P Ͻ 0.01). At 50.000ϫ, the only statistically significant difference was found between BWS and machined surfaces (P Ͻ 0.01).
DISCUSSION
Fractals are of great value in biology where surface phenomena are of crucial importance. 34 A number of complex anatomical structures, including arterial and venous trees, also display fractal-like properties. 34 Fractal dimension has been reported to identify abnormal vascular patterns, including corneal, retinal, and tumorassociated neovascular growth. 34 Fractal dimension has also been applied to describe cell outlines, pulmonary branching, heart beats, dripping taps, stock exchange prices, and TMJ sounds. 35 Fractal dimension can reveal the alterations present in trabecular bone structure, 36 and the fractal dimension of radiographs has been found to be associated with changes in bone density. 35 Surfaces with larger fractal dimensions yield more frequent variations in the surface profile. 37 The fractal architecture should also be assessed, because this concept is particularly interesting in surface and materials science. 38 The influence and relevance of fractals on biological tissue response is unknown, but implant surfaces might reveal this type of repetitive patterns at the micro, nano, and crystal scales during quantitative morphology. 38 The Sa parameter provides a considerably more consistent and reliable value, and it is not influenced by the measurement direction. The Sdr is a measurement that integrates both the number and height of peaks and provides information regarding surface enlargement if a given surface is flattened out.
2,38 Sdr expresses the spatial density of a surface, is defined as the developed interfacial area ratio, and expresses the increment of the interfacial surface area relative to a flat plane baseline. A totally flat surface has a value of 0%, whereas when the Sdr is 100%, it will mean that roughness of a surface doubled its developed area. 38 Cells like osteoblasts seem to respond more to implant topography than to roughness amplitude. 39 Modifications to surface microarchitecture can alter cell adhesion, proliferation, and gene expression. 40 Therefore, there is the necessity of a more precise, predictable, and reproducible method to evaluate the roughness of implant surfaces. Fractal geometry can help in the study of the structural properties of objects. [41] [42] [43] [44] Fractal analysis describes not only the roughness amplitude but also the roughness organization, 41 and D f can discriminate the cell proliferation very well. 41 An in vitro study found lower cell proliferation values on surfaces with higher D f values. 41 The greater was the D f , the more chaotic or less organized was the surface. 41 In this study, the D f values were lower in the surfaces, with higher Sa and Sdr values. These latter surfaces have been shown to present higher bone-to-implant contact percentages and higher removal torque values than machined surfaces.
CONCLUSIONS
Fractal geometry, by means of Df analysis, was found able to describe complex objects, which could not be evaluated by the traditional Euclidean mathematics. D f demonstrated to be useful in the evaluation of implant surfaces with different micro-and nanostructures, and it could be used to differentiate implant surfaces with similar values of roughness amplitude but different capabilities of osseointegration. Indeed, the box-counting algorithm, as a method of estimation of D f , proved its efficacy in the assessment of implant surface roughness organization. Within the limitations of this study, the analysis of Df could be considered as a valuable alternative to the current gold standard represented by profilometry.
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